Hydrodynamic behavior at the vicinity of a confining wall is closely related to the friction properties of the liquid/solid interface. Here we consider, using Molecular Dynamics simulations, the electric contribution to friction for charged surfaces, and the induced modification of the hydrodynamic boundary condition at the confining boundary. The consequences of liquid slippage for electrokinetic phenomena, through the coupling between hydrodynamics and electrostatics within the electric double layer, are explored. Strong amplification of electro-osmotic effects is revealed, and the non-trivial effect of surface charge is discussed. This work allows to reconsider existing experimental data, concerning ζ potentials of hydrophobic surfaces and suggest the possibility to generate "giant" electro-osmotic and electrophoretic effects, with direct applications in microfluidics.
I. INTRODUCTION
With the important development of microfluidic systems, miniaturization of flow devices has become a real challenge [1] . Microchannels are characterized by a large surface-to-volume ratio, so that flows are strongly affected by surface properties. A clear understanding of liquids dynamics close to solid surfaces is consequently an important prerequisite for further progress. Over the recent years, important advances in the rheology of fluids at small scales have been performed, partly thanks to computer simulations, such as Molecular Dynamics (see e.g. [2] and refs. therein), but mainly thanks to the development of new experimental techniques, such as optical velocimetry (see [3, 4] and refs. therein), or dissipation measurements using Surface Force Apparatus and Atomic Force Microscope (see [5, 6] and refs. therein).
In this context, the usual assumption of a no-slip boundary condition for simple liquids at solid surfaces has been critically revisited at small scales in the last years, see e.g. [7] for a review. The conclusions emerging from these studies are that, while the continuum hydrodynamics theory surprisingly remains valid up to very small length scales, the no-slip boundary condition (BC) for the fluid velocity at the solid surface may be violated in many situations (see e.g. [2, 5, 6, 8, 9] ). Moreover, it has been shown that this violation of the usual no-slip BC is controlled by the wetting properties of the fluid on the solid surface: while the no-slip BC is fulfilled on hydrophilic surfaces, a finite velocity slip is measured on hydrophobic surfaces [2, 5, 8] , originating in a low friction of the liquid at the wall.
In this work, we consider the role of electric properties on liquid-solid friction, a point which has been barely explored up to now [10, 11] . Surfaces indeed usually release charges when in contact with a polar solvent such * Electronic address: ljoly@lpmcn.univ-lyon1.fr as water, which in turns strongly modifies the liquidsolid interactions at the interface. The natural length scale characterizing the electric interaction range in electrolytes is the so-called Debye length. This length being typically nanometric in standard aqueous electrolytes, one can anticipate that the dynamics of charged systems should probe hydrodynamics in the nanometric vicinity of charged solid surfaces. One can in particular expect an interesting coupling with nanometric slippage, as predicted theoretically for neutral surfaces [2] and evidenced experimentally [5, 8] . Furthermore, hydrophilic and hydrophobic surfaces exhibit different electric properties [12] , and the coupling between pure wetting effects and "charge-mediated" effects is a priori subtle and remains to be clarified. Eventually, such an interplay is expected to affect interfacial transport of charges, i.e. electrokinetics, which is commonly used to manipulate liquids in microsystems (e.g. electrophoresis and electro-osmosis). These different points will be considered in the present paper. To study the relevant length scales involved, extensive molecular dynamics (MD) simulations have been used.
In a previous article [13] , we presented first results concerning the influence of surface hydrodynamic properties (as encompassed in the so-called hydrodynamic boundary condition) on electrokinetic effects, focusing on streaming current experiments and with a restricted set of electric parameters. Beyond the generalization to other electrokinetic effects, the purpose of the present work is to extend this previous analysis by extensively exploring the influence of the various electric parameters on both the static and the dynamic properties of the surface, therefore rationalizing the interplay between surface charge, hydrodynamics at the interface and electrokinetics response. The paper is organized as follows. In section II, we describe our numerical model, together with some details of the simulation procedure. We focus in section III on the static properties of our systems. We then turn to the dynamic behaviour and explore in section IV the coupling between liquid/solid friction and surface charge. The reciprocal coupling between hydrodynamics and electric properties of the interface is studied in section V. A strong amplification of electrokinetic effects in the presence of slip at the solid surface is reported. Finally experimental consequences of this work are addressed in section VI, with focus on the origin of ζ potential on hydrophobic surfaces, and the possibility to strongly amplify electrokinetics effects using polarized hydrophobic surfaces, with direct applications in microfluidics.
II. MODEL AND PARAMETERS
We first describe our microscopic model (see Fig. 1 ) and some details of the simulation procedure. The fluid system (solvent and microions) is confined between two parallel solid substrates, themselves composed of individual atoms fixed on an fcc lattice. The solvent and solid substrate particles interact via Lennard-Jones (LJ) potentials, v ij (r) = 4ǫ σ r
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with identical interaction energies ǫ and molecular diameters σ. The tunable parameters c ij enable us to adjust the wetting properties of the fluid on the substrate [2] : for a given fluid-fluid cohesion c F F , the substrate displays a "hydrophilic" behavior for large fluid-solid cohesivity, c F S , and a "hydrophobic" behavior for small c F S . Here, the wetting (respectively non-wetting) situation is typically achieved by taking c F S = 1 (resp. 0.5) for a fixed c F F = 1.2. This leads to a contact angle θ of a liquid droplet on the substrate, measured in the simulations, equal to 80 • (resp. 140
• ) for a temperature k B T /ǫ = 1 (see [2] for an exhaustive discussion on this point).
Besides, microions interact through both LennardJones potentials as described in Eq. (1) and Coulomb potential in a medium with dielectric permittivity ε d :
where q α and q β are the valences of the interacting charges, and ℓ B = e 2 /(4πε d k B T ) is the Bjerrum length, e denoting the elementary charge (the Bjerrum length is the typical scale at which thermal energy and electric interaction energy compare; in water at room temperature ℓ B ≈ 0.7 nm). The influence of the solvent permittivity on static and dynamical properties will be tested by varying ℓ B in the parameter range [0.25σ; 5σ]; otherwise we will choose ℓ B = σ as the default value. Note that we consider a case where LJ parameters are identical for charged and neutral atoms (liquid or solid); as we verified in appendix B, this simplifying assumption enables us to clearly separate hydrodynamic and electrostatic properties, without affecting the generic mechanisms evidenced in this work.
Wall atoms are organized into five layers of an fcc solid (in the 100 direction) in both walls. For each wall, only the first layer, which is in contact with the fluid, is charged. The corresponding N wall atoms bear a discrete charge, with valency q wall = −Z/N wall so that each wall bears a negative net charge −Ze. The solvent contains 2Z monovalent counterions, to which N s = N + + N − salt ions are added, all with unit valence. Global electroneutrality is enforced by imposing N + = N − . The simulated systems are generally made up of 10 4 atoms. A typical solvent density is ρ f σ 3 ∼ 0.9, while the concentration of microions ρ s = N ± /V will be varied between ρ s σ 3 = 5 × 10 −3 and ρ s σ 3 = 0.16 (with V the total volume of the sample). With a typical value σ = 0.5 nm, this corresponds roughly to an ionic strength varying between 10 −2 M and 1 M. For ℓ B = σ, the corresponding Debye screening length (see below) ranges from a few ℓ B to a fraction of ℓ B . Saltfree situations have also been investigated and will be reported below. The influence of surface charge will be considered, by varying the charge per unit surface −Σ in the parameter range [−0.02e/σ 2 ; −0.8e/σ 2 ] (note that for convenience we define the parameter Σ to be the negative of the surface charge). Unless otherwise stated, we will choose Σ = 0.2e/σ 2 , with a corresponding Gouy-Chapman length ℓ GC = 1/(2πℓ B |Σ|) = 0.8σ. For σ = 0.5 nm, this translates into a typical surface density −0.13 C/m 2 . For ℓ B = σ and the salt concentrations considered here, the surface potential V 0 ranges between eV 0 ≈ k B T and eV 0 ≈ 4k B T , allowing us to explore both linear (Debye-Hückel-like) and non-linear situations. Periodic boundary conditions are applied in the x and y directions with L x = L y = 16σ, and the distance between the walls is L z = 20.9σ. Ewald sums are used to compute Coulombic interactions (assuming a periodicity in the z direction with a box size of 5L z ) [44] . In the subsequent analysis, Lennard-Jones units are used, with a characteristic distance σ and time τ = (mσ 2 /ǫ) 1/2 . Temperature is kept constant to k B T = 1 by applying a Hoover drag to the y degrees of freedom only, i.e. in the direction perpendicular to the flow and confinement [2] .
Our model therefore includes the discrete nature of the solvent and charges and a tuning wettability of the surface, whereas these effects are usually neglected in the traditional description of electrokinetic phenomena. We chose to describe Coulombic interactions at the level of an effective dielectric medium (with dielectric permittivity ε d ). This simplifying assumption -which could be relaxed using a more realistic model for the solvent [14] enables us to investigate specifically the generic interplay between hydrodynamic and electrostatic effects, which is the main focus of this work. We expect the conclusions obtained to be generically valid.
In order to model the contribution of electric charges to friction, we will explore the influence of various electric parameters: electrolyte concentration ρ s , surface charge Σ and permittivity of the solvent, via the Bjerrum length ℓ B . To be specific, we performed different sets of simulations, including:
• varying salt concentration (ρ s σ 3 ∈ [5 × 10 −3 ; 0.16]), with fixed Bjerrum length (ℓ B = σ) and surface charge (Σ = 0.2e/σ 2 );
• varying surface charge (Σσ 2 /e ∈ [0.02; 0.8]), with fixed Bjerrum length (ℓ B = σ) and salt concentration (ρ s σ 3 = 0.06);
• varying Bjerrum length (ℓ B /σ ∈ [0.25; 5]), with fixed surface charge (Σ = 0.2e/σ 2 ) and no electrolyte. In addition, we finally considered the effect of doubling the Bjerrum length (ℓ B = 2σ) in the presence of salt, with ρ s σ 3 = 0.06 and Σ = 0.2e/σ 2 .
III. STATIC
We now turn to the results of the simulations. We first focus on the equilibrium properties of the charged interfaces. As a rule, a solid surface immersed in an electrolyte solution develops spontaneously an electric charge, under the action of several mechanisms: dissociation of ionisable groups, release of ionic impurities, specific adsorption of charged species present in the solution, etc. In response to this surface charge, the microions of the liquid rearrange themselves to form, in the vicinity of the solid surface, a diffuse layer named Electric Double Layer (EDL), carrying a net charge opposite to that of the surface. The so-called Debye length, denoted here κ −1 , provides a measure of the EDL extension and determines the electric interaction range between macromolecules. This characteristic length plays a crucial role in the static phase behavior of these systems [15] .
The standard description of the microions cloud in the vicinity of a charged surface, in the framework of the Gouy-Chapman theory, involves a Poisson description of the electrostatics (∆V + ρ e /ε d = 0, with V the electric potential and ρ e = e(ρ + − ρ − ) the charge density, defined 
where
is the Debye screening length. In situations of extreme confinement where the notion of bulk becomes irrelevant, ρ bulk s should be viewed as a normalization density, or equivalently as the salt density in a salt reservoir against which the solution is dialyzed.
In Fig. 2 , we show typical density profiles of the microions close to one of the confining surfaces. Important structuration effects can be observed close to the charged surface. This is a priori incompatible with the PoissonBoltzmann (PB) prediction [16] : within PB, an oscillating density profile implies that the electric field vanishes at every extrema, which corresponds to a change of sign of the integrated charge. This in turns implies that the system exhibits overcharging. Such an effect can be rigorously ruled out within mean-field descriptions, such as the PB one [17] . However, the oscillations in the microions profiles exhibited here are not associated with any charge inversion, but result from the structuration of the solvent itself. Such an effect can be captured by a modified PB description. Indeed, due to the presence of the solvent particles, the microions not only organize themselves due to electrostatic interactions (which corre-sponds to the usual PB description) but also due to the effective external field associated with the structuration in the solvent, V ext (z) = −k B T log [ρ f (z)/ρ f ], with ρ f (z) the solvent density profile and ρ f its bulk value. The microions density profiles ρ ± (z) correspondingly obey a modified Boltzmann equilibrium:
Such a relationship emerges naturally from a simple Density Functional Theory, that allows to rationalize the argument, accounting for the the discrete nature of both solvent and charged atoms exactly, while the standard mean-field PB free energy is assumed for the electrostatic part. The details can be found in appendix C. Inserting Eq. (4) into Poisson equation, we find that the electrostatic potential follows a modified PB equation,
where γ(z) = ρ f (z)/ρ f is the normalized solvent density profile. This equation allows for instance to compute the electric potential once the solvent density is known, but should be supplemented with a closure relation to predict both ρ f (z) and V (z). A more modest goal is to test the relevance of this approach by measuring the fluid density profiles, ρ f (z), and subsequently solving Poisson equation with the microionic densities given by Eq. (4). As shown in Fig. 2 , this procedure leads to results that are in remarkable agreement with simulations profiles obtained from Molecular Dynamics. Moreover, a further useful approximation can be proposed : the solution of the modified PB equation for the electrostatic potential is as a matter of fact very close by the "bare" PB solution V PB (z) (corresponding to γ(z) = 1), whose analytic expression can be found in the literature [15, 16, 18] . This leads to
The validity of this approximation -surprising in view of the strong layering effect at work -is emphasized in Fig. 2 (inset), where the corresponding bare PB potential [18] is plotted against the "exact" electrostatic potential. The latter is obtained from the simulations using Poisson's equation by integrating twice the charge density profile ρ e = e(ρ + − ρ − ). The case of no-added salt gives another interesting limiting case, which we now consider. In the no-salt case, only counterions are present in the solution, with a total charge compensating exactly the charge of both surfaces. The PB equation becomes:
where ρ 0 represents a reference concentration for counterions, for which V = 0. This equation can be solved analytically for the electric potential V PB and the counterions concentration ρ i in the simple case of an electrolyte confined between two parallel plates, as considered in our simulations [16] . As in the presence of salt, we can extend the PB prediction to take into account the effective external field due to the structuration of the solvent, using the very same approach. The results for a typical no-salt configuration are presented on Fig. 3 . We can check that the bare PB prediction perfectly accounts for the electric potential, for which no structuration can be seen. The counterions density profile is accordingly well described by
Globally we have tested the validity of this modified PB approach in our simulations with various conditions, involving a broad range of the different parameters, salt concentration ρ s , surface charge Σ and Bjerrum length ℓ B . The modified PB approach has been found to describe with accuracy every situation considered, over the whole parameter range for both surface charge and salt concentration (not shown). However, we found that the modified PB prediction breaks down at large Bjerrum length (we considered two cases with ℓ B = 2.24σ and ℓ B = 5.04σ, not shown). This failure is however expected : for large Bjerrum length, microionic correlations become important and invalidate the modified PoissonBoltzmann ansatz. A simple analysis, discussed in details at the end of appendix C, shows that the criterion for this failure can be written (Σ/e)ℓ 2 B > 1.
IV. DYNAMICS A. Wetting versus non-wetting : the Poiseuille test-bench
We now come to the dynamical aspects. As a first step, we briefly recall how the hydrodynamics at the interface, as characterized by the hydrodynamic boundary condi- tion (HBC), is affected by a modification of the wetting properties of the surfaces (see [2, 19, 20 ] for a more detailed discussion); We then turn to the specific role of electric parameters.
We chose to probe the HBC in a Poiseuille configuration, by applying an external force per particle f 0 , in the x direction, to all microscopic particles. The Bjerrum length and surface charge are set to their default values (ℓ B = σ and Σ = 0.2e/σ 2 ), and the salt concentration is varied between ρ s σ 3 = 5 × 10 −3 and ρ s σ 3 = 0.16. We start by discussing the measured velocity profiles. The situation corresponding to a wetting substrate -with c F S = 1 in Eq. (1) -is shown in the main plot of Fig.  4 (here for f 0 = 0.02 in LJ units). The velocity profile shows a parabolic shape as predicted by continuum hydrodynamics, even at the EDL level. Moreover, the viscosity, deduced from the curvature of the parabolic shape, retains its bulk value. Nevertheless, our measurements have shown that the no-slip BC applies inside the liquid, at a distance of about one layer of solvent particle. This observation is consistent with previous theoretical and experimental predictions [2, 20] . This position of the no-slip BC here defines the "plane of shear" position, z s , usually introduced in the electrokinetic literature [18] . We note that z s does not vary significantly with the salt concentration, in the parameter range investigated.
On the other hand, the non-wetting case displays a very different behavior, as shown in the inset of Fig. 4 . A non-wetting substrate is set up by choosing a smaller value of c F S , here c F S = 0.5. First, concerning the velocity profile, a large amount of slip is found at the wall surface, in accordance with observations on non-wetting surfaces [2] . More quantitatively, slippage is characterized by a slip length, b, defined as the distance at which the linear extrapolation of the velocity profile vanishes. In other words, this amounts to replace the no-slip BC by a partial slip BC, defined as b ∂ z v = v at the wall position [20] . As shown in the inset of Fig. 4 , the velocity profile is well fitted by the continuum hydrodynamics (parabolic) prediction, together with a partial slip BC, characterized by a non vanishing slip length (here b ≈ 11σ). The measured slip length b barely depends on the salt concentration, a point which we now rationalize.
B. Rationalizing friction and slipping
Slippage can be interpreted in terms of friction properties at the liquid/solid interface. Indeed, the usual partial slip BC can be interpreted as the continuity of tangential stress at the liquid/solid interface: the viscous shear stress exerted by the liquid on the wall η ∂ z v (where η is the liquid viscosity) is equal to the friction stress suffered by the liquid from the wall, which can be written in the form σ xz = λv s , where λ is the interfacial friction coefficient, linking the friction stress σ xz and the relative liquid/solid slip velocity v s . This equality corresponds to the partial slip BC v s = b ∂ z v, with the slip length b = η/λ. This expression formalizes the simple idea that liquids slip all the more as the interfacial friction is low. It also means that the slip length characteristics can be directly deduced from a friction analysis at the liquid/solid interface.
The dependence of the slip length on the electric parameters can then be rationalized on the basis of a simple argument based on the influence of the electric interaction on the friction coefficient. We start from a Green-Kubo expression for the interfacial friction coefficient [20] :
where A = L x L y is the area of the solid surface under consideration, and F x is the Ox component of the instantaneous force exerted by the wall on the liquid at equilibrium. Apart from a few simple situations, it is difficult to evaluate this expression. In this study we therefore restrict ourselves to extracting scaling laws for the slip length b. We start with the evaluation of an order of magnitude for the temporal auto-correlation integral:
is the r.m.s. force, and τ D the relaxation time scale of the force correlation function.
The latter can be estimated as the diffusion time of the liquid molecules over the characteristic wavelength of the wall corrugation ℓ r [19] :
where D is the self-diffusion coefficient of liquid molecules. The validity of this estimate has been exhaustively tested in Ref. [19] . We now separate Lennard-Jones and electric contributions to the total force: F x = F LJ + F ES . Using Eq. (7), we then write:
ES . In every performed simulations, we noticed that the slip properties were only slightly affected by the presence of charge; we can therefore assume that the electric contribution to friction is small compared to the Lennard-Jones term; it is then possible to neglect the pure electric contribution (the F 2 ES term), which leads to:
We can then estimate an order of magnitude for the first order electric contribution to friction: 1/b ′ ∝ F ES ∼ Q × E, where Q = ΣA is the total charge of the EDL (compensating the surface charge), and E = Σ/ε d ∼ Σℓ B the electric field at the interface. We finally find that the b ′ contribution to slippage varies as:
which we rewrite
The electric contribution to the slip length therefore does not depend on the Debye length of the system. Alltogether, we obtain the following prediction for the slip length b on the surface charge :
Note that the dependence of the Lennard-Jones contribution to the slip length, b LJ , on the microscopic parameters can also be predicted, see Ref. [19] .
C. Comparison of simulation data against theory for slip length and shear plane position
We have tested the above description against MD results. To this end, we extracted the first order electric contribution b ′ from the simulation results, using Eq. (10); to this purpose, the LJ contribution was measured in complementary simulations, using identical systems without charges (with identical pressure). The inset of surface charges does a slight discrepancy appear [45] . We were thus able to account precisely for the complete slip length b with an analytical expression, Eq. (12), simply by adding the LJ and electric contributions, as can be seen on the main graph of Fig. 5 . Finally we have checked that the slip length is independent on the salt concentration at fixed Σ and ℓ B (not shown), again in accordance with our simple model.
In the wetting case, no slip occurs at the surfaces; yet we can consider the position of the no-slip plane z s , defining equivalently the width of the immobile Stern layer (see section V). Figure 6 shows the evolution of z s with Σ (main graph) and ℓ B (inset). Using a Green-Kubo expression similar to the one used for b [20] and following the same derivation as above, one expects z s ∼ Σ 2 /ℓ B . In spite of the rather important measurement noise, this prediction is rather well verified as can be seen from figure 6 where z s (Σ) is fitted by z s /σ = 0.94+2.27(Σσ 2 /e) 2 and z s (ℓ B ) by z s /σ = 1.01 + 0.145ℓ B /σ. Finally, we recall that no effect of salt concentration on z s has been observed.
V. ELECTROKINETICS
In section IV, we have shown that the traditional noslip BC for the liquid velocity at the wall was violated on non-wetting surfaces, with a small but finite slip length (b ∼ 10σ, corresponding to b ∼ 5 nm), even for highly charged surfaces (significant slip until Σ ∼ −0.3e/σ 2 , corresponding to Σ ∼ 0.2 C/m 2 and V 0 ∼ 80 mV). We now investigate the consequences of these modifications of hydrodynamics at the interfaces for the dynamics of charged systems, and particularly for electrokinetic phenomena, commonly used to manipulate liquids in microsystems (e.g. electrophoresis and electro-osmosis). After a brief recall of electrokinetic effects, we will perform streaming current and electro-osmosis simulations, in order to explore the influence of such hydrodynamic slippage. Finally, we will focus on the specific role of electric parameters.
A. Zeta potential
In addition to its interest for the understanding of static properties of charged systems, the EDL is, on the dynamical level, at the origin of numerous electrokinetic phenomena: electrophoresis, electro-osmosis, streaming current or potential, etc. Because these various effects take their origin at the surface of the sample via the EDL, they provide smart and particularly efficient ways to drive or manipulate flows in microfluidic devices [1, 21] , where surface effects become predominant.
The extension of the EDL is typically on the order of a few nanometers and electrokinetic phenomena therefore probe the nanorheology of the solvent+ions system at the charged surface. This can thus raise some doubts regarding the validity of continuum approaches to describe the dynamics at such scales. Those doubts seem particularly relevant concerning the traditional description of the EDL dynamics, which relies both on the mean-field Poisson-Boltzmann theory of the microion clouds, but also on continuum hydrodynamics for the flow fields [18] . These two aspects are embodied in the so-called zeta potential, denoted ζ, which is traditionally defined as the electric potential V (z s ) computed at the surface of shear z s , where the fluid velocity vanishes. This quantity plays a key role in electrokinetic phenomena [14, 18, 22, 23] , since it quantifies the coupling between flow characteristics in the solvent (via the mean velocity or applied pressure drop) and electric quantities (electric field, induced streaming current or potential). An important point is that the standard electrokinetic description is based on the assumption of a no-slip boundary condition of the liquid at the solid interface.
In section III, we showed that the traditional PB description is relevant for the electric potential, even at the EDL scale. Yet in section IV, we observed that although a continuum hydrodynamic approach stands down to EDL sizes, the no-slip BC could be violated in non-wetting situations, in accordance with previous numerical [2] and experimental [5, 8] work. We expect this modification of the interfacial hydrodynamics to affect electrokinetic properties of charged interfaces, as it was demonstrated in a previous work [13] , focused on streaming current simulations, and where only a limited set of electric parameters have been investigated. We will now extend this work to other electrokinetic phenomena, exploring extensively the influence of various electric parameters.
B. Streaming current
First of all, we note that the Poiseuille configurations implemented in the preceding section to probe the HBC corresponds directly to streaming current experiments: the external force f 0 accounts for the pressure gradient, and we can measure the electric current, I e , associated with the convective motion of the microions.
The standard EDL description of this electrokinetic effect predicts a linear relationship between the current and the force, in the form [18] :
where η is the shear viscosity of the fluid and A the fluid slab cross area. Linear response (in the applied force) was carefully checked in our simulations. In the following we use this expression as the definition of the ζ potential, in line with experimental procedures.
In the wetting case, we have seen that the liquid velocity vanishes inside the liquid, at a distance z s of about one layer of solvent particles (see section IV). As shown in Fig. 4 , where the charge density profile, ρ e (z), is plotted against distance, the first layer of microions, located within z s , does not contribute to the convective transport, thereby reducing the global streaming current. This first layer coincides with the so-called Stern layer of immobile microions close to the charged surface [18] .
In the non-wetting case, the liquid was shown to slip significantly at the wall, with a complete disappearance of the immobile Stern layer (see section IV). Concerning microions transport, an important point here is that the first layer of microions now contributes by a large amount to the global streaming current, at variance with the wetting case. In other words, the plane of shear position z s is now virtually located beyond the wall, and the Stern layer has completely disappeared. The remobilization of the Stern layer adds on to the slippage effect and contributes significantly to the increase of the electric current measured for hydrophobic surfaces. We summarize our results in Fig. 7 and plot the ζ potential [deduced from the measure of the charge current and Eq. (13)] as a function of the Debye screening factor in the wetting and non-wetting cases. In this figure the ζ potential is normalized by the bare surface potential V 0 , obtained from the analytic PB expression [18] , as shown e.g. in the inset of Fig. 2 . The overall conclusion from Fig. 7 is that non-wettability strongly amplifies the electrokinetic effects: the ratio between the ζ potential and the surface potential is much larger in the hydrophobic case as compared to the hydrophilic case. More precisely, in the wetting case the ζ potential is fixed by the electric properties of the surface, and coincides with the electric potential at the "plane of shear", ζ ≈ V (z s ), as is usually assumed [18] . Indeed, the simulation points for ζ are compared to the PB estimate for the electric potential, V (z s ), showing an overall very good correspondence. Conversely, the ζ potential in the non-wetting case is dominated by the slip effect and the immobile Stern layer is completely absent. The effect of such a modification of the hydrodynamic surface properties can be accounted for by considering the partial slip BC in the electrokinetic current I e = dSρ e (z)v(z), with ρ e (z) the charge density and v(z) the velocity profile, characterized by a slip length b. Within linearized PB description (valid for eV 0 ≪ k B T ), the result for the current I e , Eq. (13), may then be written I e = (ε d V 0 /η)(1+κb)f 0 [1, 23] . For the ζ potential in the non-wetting case, this amounts to:
with V 0 the bare potential of the surface. A detailed derivation of this effect is given in Appendix A. For important potentials (eV 0 k B T ), a non-linear PB counterpart of this expression can be obtained (see appendix A, section A 3):
where the effective Debye length κ −1 eff is defined by κ eff = −∂ n V (0)/V 0 , and goes to κ −1 in the linear limit. An equivalent expression has been recently discussed in a molecular hydrodynamics study of electro-osmosis in clays [24] . This expression is compared to simulation results in Fig. 7 , showing again a very good agreement.
It is possible to retrieve the expression of the amplification ratio using a simple argument: the streaming current is given by I e ∼ Qv, Q being the charge of the EDL andv the average velocity of the EDL, withv = κ −1γ in the absence of slip, whereasv = (κ −1 + b)γ with a slip length b. The amplification ratio is therefore given bȳ v slip /v no-slip = 1 + κb.
C. Electro-osmosis
The streaming current simulations show that electrokinetic measurements do not probe electrostatic properties of the system only: when slippage occurs at the walls, the ζ potential is much larger that the bare surface potential V 0 . This also means that the electrokinetic phenomena used to move liquids in microfluidic systems could be strongly amplified by hydrodynamic slippage. In order to illustrate this interesting outlook, we performed electroosmosis simulations, using the same numerical system. A uniform electric field E x applied in the channel induces a volume force inside the EDL, generating in fine a plug flow of the liquid. The standard description of this phenomenon predicts again a linear relationship between the electro-osmotic velocity and the applied field:
In the simulation, we imposed an electric force f x = qeE x to every ion (qe being the ion charge), and we measured the resulting velocity profile in the channel. We then used Eq. (16) to compute the corresponding ζ potential (the results presented were obtained for E x = 1.0 in Lennard-Jones units). As for the streaming current, linear response in the applied electric field was checked. Typical velocity profiles are shown in figure 8. For both wetting and non-wetting situations, we observe a plug flow, characteristic of electro-osmosis. Moreover, we note that the electro-osmotic velocity is considerably amplified -by almost two orders of magnitude -in the nonwetting case, all electric parameters being equal. The ζ potential, computed from the measured electro-osmotic velocity using equation (16) , are in perfect agreement with those obtained in streaming current simulations.
It is possible to recover the slip prediction for ζ in the electro-osmosis case by stating that just outside the EDL, the viscous stress σ η compensates the electric forcing σ e (integrated over the Debye layer). Writing σ η = η∂ z v ∼ ηv eo /(κ −1 + b) and σ e = QE x = −(ε d κV 0 )E x , Q = −Σ being the net surface charge of the EDL, one immediately finds :
with ζ = V 0 (1 + κb). The amplification of the zeta potential thus originates in the reduction of the velocity gradient in the Debye layer by a factor κ −1 /(κ −1 + b).
D. Influence of electric parameters
We finally investigate the influence of electric parameters on ζ potential. Fig. 9 presents a comparison between the measured ζ potential and the slip prediction (15) , for various electric parameters (with added salt). The excellent correspondence between the two quantities confirm the robustness of the suggested picture, namely the ζ potential originates in the coupling between electrostatic properties of the ion cloud and the hydrodynamic behavior of the solvent, in the vicinity of charged surfaces. In the no-salt case, it is not possible to relate the streaming current to the zeta potential only because the electric potential is not fully screened over the fluid slab. However the simulations results are very well described by a simple model which takes into account the electric properties at a PB level and the hydrodynamic ones at a continuum level in the presence of slip (results not shown).
We now focus on the role of surface charge Σ. Figure  10 shows the evolution of the absolute ζ potential with surface charge. An important point is that it is possible to fully account for the simulation results with analytical expressions: in the wetting case, we simply used the value of the electric potential at the plane of shear V (z s ), together with the analytical fit for z s (Σ), derived in section IV; in the non-wetting case, we combined the formula (15) , relating ζ to b and electric parameters, with the analytical expression for b(Σ), (12) derived in section IV. Moreover, we used the PB expression for the evolution of electric parameters involved in ζ expression (V (z), V 0 , κ eff ) as a function of surface charge.
The non monotonous behaviour of ζ with Σ is an interesting feature: while the bare surface potential V 0 increases continuously with Σ, the amplification factorrelated to the HBC -decreases, following an increase of electric friction (1/b ′ ). Those two conflicting effects result in a non-monotonous evolution, and the apparition of a maximum for ζ(Σ). This represents a particularly important signature of the intimate coupling between hydrodynamics and electrostatics in the definition of the ζ potential. We now discuss some consequences of these (12) (see Fig. 5 and associated text). Dashed-dotted line: no-slip prediction using the analytical fit of zs variation with Σ (see Fig. 6 and associated text). The inset is a zoom in the small ζ small Σ region.
results in the following section.
VI. DISCUSSION
A. ζ potential on hydrophobic surfaces : a slippage effect ?
As we have shown above, the interplay between surface properties and electrokinetic phenomena may lead to ζ potential much higher than the real surface potential on hydrophobic surfaces, due in particular to the modification of surface hydrodrodynamic properties and the onset of liquid/solid slippage. In realistic experimental situations, the dynamical amplification ratio 1 + κb can take important values, even in the case of a moderate slip length : indeed, slip lengths are expected to range in the tens of nanometers range, as predicted theoretically [2] and evidenced experimentally [5, 8] , while the Debye length κ −1 is typically of a few nanometers in quite standard aqueous electrolyte solutions (from 3Å with a 1M salt, to 30 nm at 10 −4 M). A factor of 10 between ζ and V 0 is therefore quite conceivable.
This analysis therefore provides an interesting scenario to interpret the observation of important ζ potentials on different hydrophobic surfaces [25, 26, 27, 28, 29] . Despite the expected weaker surface charge, the measured ζ potentials are typically of the same order of magnitude as those observed on hydrophilic surfaces [30] . This could in fact arise from small bare surface potentials and slip-induced amplification.
We note however that another interpretation is usually suggested: surface charge could be increased by preferential adsorption of anions (OH − or Cl − ) at the wall. Recent AFM [31] and numerical [32] studies show that this phenomenon indeed contributes to a certain extent to increase surface charge.
Finally we mention a recent experimental work by Churaev et al. [23] , who performed ζ potential measurements for aqueous KCl solutions in silanized quartz capillaries. When a non-ionic surfactant is added to the solution, the measured ζ potential decreases; this effect is attributed to the disappearance of hydrodynamic slippage at the walls, resulting from the surfactant adsorption. Using formula (14) , the authors estimate the effective slip length (averaged over the surface of the channel) to lie between 5 nm and 8 nm. This first experiment using electrokinetics to characterize the dynamical properties of the liquid at the interfaces is encouraging, but it seems that the results should be interpreted with care. Indeed, to apply Eq. (14), the authors assume that the adsorption of the surfactant only affects wetting properties of the surface (and therefore slip properties), electric properties being unaffected, which is difficult to assess.
To overcome those obstacles, comparative static (using SFA or AFM) and dynamic (with electrokinetics) measurements on the same surfaces would enable to test critically the relevance of the mechanisms suggested by this work. To the best of our knowledge, no such experiment has already been carried on.
B. Zeta potential versus surface charge
In light of the previous results, it may be possible to generate very large electrokinetic effects by using polarized hydrophobic surfaces [33] . However, we saw in sections IV and V that eventually, too high surface charges will enhance friction and therefore reduce the efficiency of hydrodynamic slippage. Consequently, there should be an optimal choice for the imposed surface charge, where the bare surface potential reaches its maximum value compatible with a small contribution of electric terms to the friction, therefore leaving the slip length almost unaffected (see Fig. 10 ).
To determine the largest achievable zeta potential according to our model, we now estimate the cross-over charge at which the electric friction equals the LJ friction, which gives Σ c ∼ 0.3e/σ 2 . For σ = 0.5 nm, this value corresponds roughly to 0.2 C/m 2 . Furthermore, using ℓ B = κ = σ, we find for the corresponding bare surface potential V 0 ∼ 80 mV (and therefore ζ ∼ 10V 0 ∼ 800 mV).
This estimation for the optimal ζ potential is ten times larger than typical values which can be obtained on hydrophilic surfaces [30] . This should motivate experiments to test this prediction. We believe that the phenomena discussed provide interesting hints concerning the possibility to generate efficient electro-osmotic flows, with direct applications in microfluidics.
C. Curvature effects
Our prediction for the dynamical amplification ratio, 1 + κb can take arbitrarily large values as the slip length b goes to infinity (corresponding to a vanishing shear boundary condition at the interface). This prediction corresponds however to a planar surface and we show in this paragraph that curvature effects actually lead to a saturation of the amplification ratio for the zeta potential.
To demonstrate this effect, we shall generalize the calculation of electrophoretic mobility of a sphere initiated by Smoluchowski [34] in 1921, to take into account the partial slip BC at the sphere surface.
Let us consider a dielectric sphere, with radius a, immersed in an electrolyte solution and submitted to an external electric field E ∞ . We assume that the width of the EDL is small compared to the size of the sphere (κa ≫ 1), and that the sphere permittivity is small compared to the one of the liquid [46] . Finally we consider that the external electric field does not modify the ions distribution inside the EDL [47] . We then solve the equations of the problem separately inside and outside the EDL. We note S + the sphere separating the EDL and the exterior.
Since the sphere permittivity is very low, the normal component of the electric field vanishes just outside the EDL. Inside the EDL, the problem is reduced to an electro-osmosis one: neglecting the 1/r 2 terms in the Laplacian of the velocity field, we recover literally the equations of the plane case, simply replacing v t with v θ and n with r [48] . Thus we can immediately write:
Finally, for an irrotational flow, the potential of velocities obeys Laplace equation in the liquid outside the EDL, just as the electric potential. As the BCs at infinity and on S + are identical, we can identify both fields at the constant ε d ζ/η. We directly deduce that v e = (ε d ζ/η)E ∞ .
Nevertheless, the partial slip BC has to be modified to take into account the sphere curvature [35] : indeed, this condition accounts for the equality of friction λv θ and viscous σ rθ tangential stresses, but in spherical coordinates the expression of the stress tensor at a radius a includes a curvature term: σ rθ = η(∂ r v θ − v θ /a). We obtain a generalized slip condition at a surface with curvature a:
where b 0 = η/λ is the intrinsic slip length on a plane surface; we define the slip length b c on a curved surface by:
This equation shows that slippage is limited by the smallest of b 0 and a and curvature leads to a saturation of the effective slip length as b 0 → ∞. Coming back to the calculation of the zeta potential, the problem is equivalent to that of a planar surface with slip length b c . We therefore simply deduce from Eq. (14) the effective ζ potential:
The zeta potential therefore depends on the ratio a/b 0 , with the limiting values : ζ 0 = V 0 (1 + κb 0 ) for b 0 ≪ a, independent of the radius of the particle; and ζ c = V 0 (1+ κa) in the opposite limit b 0 ≫ a.
VII. CONCLUSION
The liquid properties close to an interface, embodied in the so-called Hydrodynamic Boundary Condition is intimately related to the friction properties of the liquid at the solid surface. In this paper we investigated extensively the electric contribution to liquid/solid friction, and how it affects the slip properties of liquids in the presence of charged walls. Various electric parameters were considered, and we provided a simple but efficient model of electric friction, validated numerically thanks to Molecular Dynamics simulations. This model describes the slip length b dependence with the surface charge Σ and the Bjerrum length ℓ B of the solvent. Moreover, it explains the weak dependence of b with the salt concentration measured in the simulations.
We then addressed the consequences of such a hydrodynamic slippage on electrokinetic phenomena, through the coupling between hydrodynamics and electric charge within the Electric Double Layer. In this work, we extended a previous study [13] , by considering various electric parameters and electrokinetic configurations. We confirmed the robustness of the suggested picture, namely the widely used "zeta potential" -characterizing the amplitude of electrokinetic effects -is not only a signature of electrostatic interfacial features, but is also intrinsically related to the dynamics of the solvent at the solid surface, providing new perspectives to control this quantity. A similar conclusion was reached in recent work [24] . In particular, we showed the existence of strongly amplified electro-osmotic effects on hydrophobic surfaces through the induced slippage, in quantitative agreement with previous streaming current simulations. In the slipping case, we discussed the non-trivial role of the surface charge Σ on the ζ potential: in addition to its direct influence on the surface potential V 0 , it enhances friction and therefore reduces the efficiency of hydrodynamic slippage. These conflicting effects lead to a non-monotonous variation of ζ with Σ, which represents an important signature of the coupling mechanisms suggested here. Besides, the simulation results were shown to be in excellent agreement with predictions taking into account the slippage of the fluid at the solid surface. The amplification effect is accordingly controlled by the ratio between the slip length (of the fluid at the solid surface), and the Debye length.
Furthermore, practical consequences of our work have been discussed, reconsidering existing experimental data of ζ potentials on hydrophobic surfaces, and suggesting the possibility to generate strongly enhanced electroosmotic and electrophoretic effects in microchannels, using in particular polarized hydrophobic surfaces. If confirmed, this feature would provide various interesting applications for microfluidic devices.
Finally, this work suggests the possibility to use the zeta potential as a new observable for the characterization of interfacial hydrodynamics, through the coupling at small scales of electrostatics and hydrodynamics. In a following step, we plan to refine the model, with a more realistic description of solvent and ions (SPC/E model of water, ions with different sizes and wetting properties, etc.), in order to relate in a more quantitative way electrokinetics measurements and slippage properties.
Streaming current
To calculate the streaming current expression, we consider a channel of arbitrary section (Fig. 11) . We assume that the Debye length κ −1 is small compared to the typical size of the channel R and to the local inverse curvature of the channel r everywhere on the contour C. We can therefore consider that the channel surface is flat at the EDL scale.
The elementary contribution to streaming current due to the displacement of the EDL past a channel slice of width dl is:
where ∞ ≫ κ −1 and n is the coordinate normal to the surface. We then substitute ρ e using Poisson equation:
To evaluate this integral, we must introduce the boundary conditions for the velocity v and the potential V at the wall (z = 0) and far from the wall (z = ∞). The velocity follows a partial slip BC: v(0) = b ∂ n v (we assume that b ≪ r, so that curvature effects can be neglected [35] ); we note V 0 = V (0) the electric potential at the wall. Far from the wall, the potential is constant (∂ n V = 0), conveniently fixed at V (∞) = 0. We can now integrate by parts the expression in (A2):
We then integrate this expression on the contour of the channel:
The second Green theorem [36] enables us to transform this expression:
The Laplacian of velocity is directly related to forcing through Stokes equation: ∆v = (1/η)(−∇p) = Cst. We finally obtain:
where the effective Debye length κ −1 eff is defined by κ eff = −∂ n V (0)/V 0 , and goes to κ −1 in the linear limit eV 0 ≪ k B T (A is the area of the channel section S). The ζ potential, derived from streaming current measurements, is therefore related to the bare surface potential by a dynamical amplification factor arising from slip:
The effective length 1/κ eff is discussed in section A 3
In section V B, we introduced the length scale 1/κ eff = −V 0 /∂ n V (0) that allows to relate the surface potential V 0 , the slip length b and the effective ζ potential [see e.g. Eq. (15)]. In the weak overlap regime where the double layer is not affected by the opposite boundary, one may use the analytical solution of PB theory in the planar geometry [37] to obtain
where γ = −κℓ GC + (κℓ GC ) 2 + 1 and ℓ GC denotes the Gouy length ℓ GC = (2πℓ B Σ) −1 . In the weak coupling regime (low Σ where γ vanishes), we find κ eff ≃ κ while conversely, for high charges, κ/κ eff ∼ −κℓ GC log(κℓ GC ) which decreases as log(Σ)/Σ.
The effective length 1/κ eff is reminiscent of a related quantity l GW = −∂ n V (0)/∂ 2 n V (0) introduced some time ago as a scaling length for charged interfaces [38] . Upon increasing the surface charge, l GW crosses over from the Debye length at low Σ (as 1/κ eff ) to the Gouy length. It therefore decreases as 1/Σ for large interfacial charges, whereas 1/κ eff is slightly larger [∝ log(Σ)/Σ].
Finally, it appears that the increase of κ eff at large Σ due to non linear effects is overruled by the decrease of the slipping length (b ∝ 1/Σ 2 , see section IV B): increasing Σ decreases the slip-driven amplification factor 1 + κ eff b, see Fig 10. 
APPENDIX B: WETTING PROPERTIES OF IONS
To obtain the present results, we considered a very simple model with identical wetting properties for all liquid atoms, including ions. This specific choice of LJ parameters aims at separating electric properties at the interface from the dynamical slipping behavior of the liquid. To separate these effects, ions were therefore supposed to interact with the wall in the same way as the solvent, so as to keep the interfacial friction unaffected. Moreover, no effect of salt on slip length has been reported experimentally in the literature, therefore suggesting that no specific behavior of the ions as compared to the solvent occurs at the solid surface. In other words, solventsurface and ion-surface interactions are expected to be rather similar, and not very asymmetric. However, so as to explore the influence of our specific choice of LJ interactions on the solvent dynamics, we performed complementary simulations, exploring various solvent-surface (c F S ) and ion-surface (c IS ) interactions, in the parameter window c F S , c IS ∈ [0.5; 1] (with different values for c F S and c IS ), for different salt concentrations. We calculated both equilibrium and dynamical quantities for these parameters.
Let us first focus on the equilibrium properties of the EDL. For moderately asymmetric situations (δc IS 0.2), the modified PB approach (Sec. III) remains valid. Indeed, as can be seen on Fig. 12 , the standard PB potential (without structuration) describes quite well the electric potential, computed from the simulation by double-integration of the charge density profile ρ e (z) = e(ρ + (z) − ρ − (z)). Nevertheless, for strongly asymmetric situations -typically with a "non-wetting" solvent (c F S = 0.5) and "wetting" ions (c IS = 1) -, we observe specific ions-wall interactions, and the modified PB model fails to describe the electric potential at the interface (see Fig. 12 ). To conclude on the static properties, the modified PB approach, even if it fails to describe specific ions-solid interactions, provides an accurate description for moderately asymmetric parameters, which we think are representative of experimental situations. As far as dynamical properties are concerned, all the situations considered confirm the robustness of the picture put forward in the main text. On Fig. 9 , we compare the ζ potentials measured from the simulations with the slip prediction (15) . For moderately asymmetric situations, we used the PB potential as an input, whereas for strongly asymmetric ones we used the "exact" surface potential, extracted from the simulations. These quantities correspond to each other perfectly. Thus these complementary results confirm that the message emerging from the simpler case of equal LJ interactions is not modified when exploring a larger parameter space: namely the zeta potential is a signature of the coupling between the electrostatics and the fluid dynamical properties at the surface.
APPENDIX C: DENSITY FUNCTIONAL THEORY AND THE MODIFIED POISSON-BOLTZMANN EQUILIBRIUM
For arbitrary solvent and microionic density profiles [resp ρ f (r) and ρ ± (r)], the total free energy of our confined system may be written as the functional βF {ρ f , ρ ± } = i∈f,+,− V ρ i (r) log Λ where V denotes the total volume and the Λ i are irrelevant length scales. The first term on the rhs acounts for the ideal gas entropy while the excess part is included in F LJ excess . This a priori unknown functional depends on the total density only
This is a consequence of treating solvent and microions on equal footings, not only in their mutual interactions, but also in their interaction with wall atoms. Finally, the last term on the rhs of Eq. (C1) denotes the Coulombic contribution to the total free energy. Unlike its Lennard-Jones counterpart, treated exactly (but formally), F Coul {ρ + , ρ − } is approximated, in a mean-field spirit (see e.g. [17] ), by βF
Coul {ρ + , ρ − } = 1 2 V×V ρ e (r)G(r, r ′ )ρ e (r ′ )drdr ′ , (C3) where G(r, r ′ ) denotes the Green's function inverting the Laplacian in the geometry under study and ρ e (r) = e[ρ + (r) − ρ − (r)] is the local charge density, outside the confining walls.
Minimizing the total free energy F with respect to solvent density leads to log[Λ 
we obtain ρ ± (r) ∝ ρ s (r)e ∓βeV (r) .
This is precisely the form obtained in Eq. (4) on more heuristic grounds. Upon neglecting the LJ excess free energy, one recovers the standard Poisson-Boltzmann relation. The fact that the Lennard-Jones free energy functional only depends on the total density ρ tot given by (C2) plays a pivotal role in the derivation of (C7) and results from the symmetrical role played by ions and solvent molecules as far as non ionic interactions are concerned. Whenever the wetting properties of the ions differ from those of the solvent, F LJ excess no longer depends on ρ tot but in general separately on ρ s , ρ + and ρ − . A similar remark applies if the non Coulombic solvent-solvent interaction differs from solvent-ion and ion-ion interactions. In those situations, Eq. (C7) does not hold, see e.g. Appendix B. While analytical progress might be possible, we did not attempt a density functional description in these cases.
A criterion for the validity of the modified PoissonBoltzmann description (C7). Equation (C1) assumes a mean field factorization of the Coulombic energy, which discards microionic correlations. The importance of these correlations is quantified by the plasma parameter Γ = z 2 ℓ B /d ii where d ii denotes the typical distance between counterions of valency z in the electric double layer [39] . This distance is most conveniently estimated assuming that the counterions form a Wigner crystal at the planar interface, which gives d 2 ii Σ = ze. We consequently obtain the following criterion for the validity of the mean-field assumption underlying the modified Poisson-Boltzmann picture : Γ = z 3/2 (Σℓ 2 B /e) 1/2 < 1.
A priori, the threshold value of Γ is expected to be of order 1, and a survey of the literature indicates that it is very close to unity, hence Eq. (C8) (see [39, 40] and references therein). At fixed ℓ B = σ, (C8) implies for monovalent microions Σσ 2 /e < 1, which is always fulfilled in the situations investigated in the present study. We emphasize here that the short distance repulsion of the Lennard-Jones potential used ensures that d ii > σ, so that one always has Γ = ℓ B /d ii < 1 for ℓ B = σ (and more generally for ℓ B < σ). On the other hand, considering Σ = 0.2e/σ 2 , (C8) translates, again for z = 1, into ℓ B < 2.2σ. We thus expect here deviations from the modified PB equilibrium for ℓ B > 2.2σ. This point is discussed at the end of section III.
